INTRODUCTION
Heterogeneous reactions on the surfaces of polar stratospheric clouds (PSCs) over Antarctica are now recognized to play a central role in the photochemical mechanism responsible for the dramatic yearly occurrence of the Antarctic ozone "hole" [Solomon, 1988] [Salawitch et al., 1989] . Another denitrification mechanism [Wofsy et al., 1990] suggests that falling ice from higher altitudes may sequester HNO 3, forming a layer of NAT on the ice. This NAT coating may prevent ice from as (1)-(4). In addition, we present results for the competitive growth and evaporation of ice and nitric acid/ice solids. These results will be discussed in terms of theix relationship to current theories of PSC formation and stratospheric denitrification.
EXPERIMENT
The low-pressure flow reactor constructed for these studies is evaporating even when the temperature is above the ice frost shown schematically in Figure 1 . It consists of a two-part point. This scenario allows HNO 3 to be permanently removed stainless steel chamber, with the two parts separated by a from certain regions of the stratosphere without requiring the butterfly valve. The gas phase contents of the chamber are formation of large pure NAT particles.
probed through a calibrated escape orifice using a differentially To better understand both the formation of PSCs and the role pumped mass spectrometer. The ice or acidic ice surfaces are of PSCs in denitrification, fundamental investigations of the prepared by condensation of the appropriate species onto a interactions between ice and nitric acid under stratospheric cold silicon support surface regulated to the temperature of conditions are needed. Previous work probing the gas phase interest. Silicon is an excellent support because of its infrared over ice and NAT surfaces has begun to address the interactions transparency, resistance to corrosion by acids, and ideal between condensed H20 and HNO3. However, to better thermal characteristics. The two inch diameter silicon wafer is understand such interactions, the condensed phase itself must mounted in a copper ring attached to a liquid nitrogen reserveix. be probed. In the present work, we describe FTIR surface Teflon coated heating wires are used to warm the ice surface to the appropriate experimental temperature. The sample is mounted horizontally to allow future studies of liquid surfaces. The surface temperature near the center of the silicon wafer is measured using a type T thermocouple attached to the silicon surface with ceramic adhesive. Measured surface temperatures in the range of -20øC to -140øC are easily obtained and controlled in this apparatus, more than covering the relevant temperature range of stratospheric particulate. The absolute temperature is not precisely known in the present experiments because of difficulty in securely attaching the thermocouple to the highly polished silicon wafer. The relative temperature during a run and between runs is, however, accurate to within IøC. Furthermore, because of thermal gradients present from simultaneous cooling and heating, different points on the silicon wafer will be different temperatures. However, the temperature throughout the central portion of the wafer (within the heating wires) is estimated to be fairly constant. For example, calculations of thermal diffusion across silicon using In addition to crystalline NAT, recent work has suggested that supercooled glassy NAT may form in the stratosphere at temperatures 1.5øC above the ice frost point [Hanson, i990] . In our experiments, we do observe formation of supercooled glassy NAT, but only at temperatures significantly lower than those used to form crystalline NAT. For example, deposition of NAT at-110øC results in a spectrum characterized by a doublet peak for NO3-(1319 and 1424 cm-1). This spectrum is very similar to one we obtain for aqueous 53.8 wt% HNO 3 at room temperature. This suggests that at -l10øC, vapor deposition of NAT results in the formation of a frozen glassy solution. After annealing to -90øC, the vapor deposited NAT spectrum reverts to that shown in Figure 3b with a single NO3-peak at 1384 cm -1 . The change in the spectrum during annealing is interpreted as being due to crystallization of NAT. These general conclusions are in agreement with those reported recenfiy by Ritzhaupt and Devlin [1990] .
In contrast to NAT, the spectrum we obtain for NAM does not change appreciably as the temperature is changed from -110 to -90øC. Furthermore, our NAM films resemble the films Ritzhaupt and Devlin [1990] report as glassy NAM at -193øC. After annealing to -98øC, they observe a change in the spectrum which they assign to crystalline NAM. We see a similar change, but only at much higher temperatures when the film may be starting to evaporate. The composition of the film under these conditions is thus not obvious.
The difference between the two experiments may be due to differences in the absolute surface temperature at the point where the infrared beam is probing the sample. As reported by Ritzhaupt and Devlin [1990] , crystallization requires higher and higher temperatures as the film acidity is increased.
Ritzhaupt and Devlin [1990] also report a spectrum for nitric acid dihydrate. We did not intentionally prepare 2:1 mixtures of H20'HNO 3 (NAD). However, under certain circumstances we do observe spectra identical to those they assign to crystalline and amorphous NAD. For example, the spectrum we obtain for a 0.4 gm thick crystalline NAD film formed from an 11:1 mixture of H20:HNO3 at -77øC is shown in Figure 3d . Flows used in the formation of this film were H20 = 3.8 x 1017 molec/s and HNO 3 = 3.4 x 1016 molec/s. Because this film was formed at high temperature where the uptake efficiencies might be quite low, we do not obtain stoichiometric film deposition. Future work will use temperature programmed desorption techniques to independently determine film stoichiometry under a wide range of deposition conditions. In can been seen in Figure 3d that the NAD spectrum has unique peaks at 1448 cm -1, 1265 cm -1, and 1025 cm -1 that are not present in crystalline NAT or amorphous NAM. These peaks will be used to identify NAD growth under our experimental conditions. Note that freezing studies have not indicated a stable nitric acid crystalline form with the stoichiometry of NAD. Further studies are required to determine if, indeed, a stable NAD species can form under stratospheric conditions.
Competitive Growth of Nitric Acid/Ice Versus Ice
The competitive growth of pure ice versus nitric acid/ice was investigated as a function of temperature. The experiments were performed by backfilling the chamber with nitric acid and water while slowly cooling the surface temperature from -60øC to -90øC. The films were monitored in real time by their infrared spectra. Films were grown by backfilling the chamber to 1.8x10 -6 ton: HNO 3 and 1.1x10 -5 ton: H20. Although these pressures are not truly representative of those found in the stratosphere P(H20)= 5xi0 -4 tort, P(HNO3)= 2 x 10 -7 ton:), these pressures were chosen because they could be accurately controlled in our cun:ent experimental setup. Future apparatus modifications will allow lower and higher pressures for HNO 3 and water, respectively, to be used.
In Figure 4 , infrared spectra are shown for a film grown using a 2øC/min cooling rate. The spectra shown in parts a The above experiments clearly indicate that NAT can form at significantly higher temperatures (4-6øC) than pure ice, even in the presence of excess H20. This is in agreement with phase diagrams constructed from analysis of the gas phase over NAT and ice solids [Hanson and Mauersberger, 1988a,b] and is in accord with the general understanding of PSC formation in the atmosphere. However, the present work represents the fixst direct observation of preferential NAT formation at temperatures greater than the ice frost point. These studies also suggest that for our pressure conditions, NAD may be the most stable form of nitric acid/ice at temperatures 7øC higher than the ice frost point. Pressures of nitric acid used in the present study, 1.8x10 -6 torr, are approximately a factor of 10 higher than typically found in the stratosphere, 2x10 -7 torr, and may a slower rate of 2.9x10 -3 I. tm/min. This suggests that the uptake efficiency for NAT growth is less than that for ice growth. This will be quantified in future experiments of isothermal film growth to measure uptake efficiencies as a function of temperature and trace gas pressure.
To study the onset of film growth more fully, studies were performed using a slower rate of cooling. In Figure 5 , 1990] . In this mechanism, ice falling from cold high altitudes sequesters HNO3 as it falls, forming a layer of NAT on the ice. This NAT coating prevents the ice from evaporating when the temperature is above the ice frost point. This scenario allows HNO 3 to be permanently removed from certain regions of the stratosphere without requiring the formation of large pure NAT particles. We have performed laboratory experiments addressing this denitrification mechanism by studying both the interaction of gaseous HNO3 with ice, and the evaporation rates of ice versus NAT-coated ice.
We have investigated the interaction of HNO3 on ice surfaces using FTIR surface techniques to identify the surface species formed. Figure 7 shows how the infrared spectrum changes when a 1.1 gm thick ice film at -90øC is exposed to 1.8 x 10 -6 torr of HNO 3. Parts a and b show the infrared Spectrum of the ice film before and after the film is exposed to HNO3, respectively (note that the peak at 3230 cm -1 is found in the outermost layers of ice. It is expected that similar behavior will be observed for HNO 3 formed as a result of the heterogeneous reactions (1) through (4). Note however, that NAT saturation and NAM growth may be less likely to occur in the atmosphere due to lower pressures of HNO 3 found there than used in the present experiments. An important assumption in the denitrification mechanism of Wofsy et al. [1990] is that a NAT coating prevents evaporation of the ice particle. In the present work, we have measured the evaporation of ice both with and without nitric acid coatings. We have prepared a series of ice films, each 1.07 gm thick as determined using equation (6). We then exposed these films to nitric acid forming very thin layers of either NAT or NAT/N• (see above). The evaporation of these films was then studied using infrared spectroscopy as the films were heated from -90øC to -60øC at a rate of 1.35øC/min. In Figure   9 , the integrated absorbance of the water peak ( For particles smaller than around 0.05 Ixm, the Kelvin effect becomes important [Seinfeld, 1986] 
